Obesity and osteoporosis are associated with estrogen deficiency following menopause. Therefore, it is important to prevent and treat both disorders to maintain a healthy life in postmenopausal women. Nobiletin, a polymethoxylated flavone, exhibits various pharmacologic effects, including anti-tumor and anti-inflammatory activities. Therefore, in this study, we examined the effects of nobiletin on obesity, obesity-related metabolic disorders, and bone mass in ovariectomized (OVX) mice. Mice were divided into four groups and underwent sham operation or OVX. OVX mice were treated with 50 or 100 mg/kg nobiletin, or received vehicle alone (0.3% carboxyl methyl cellulose/0.5% dimethyl sulfoxide). Nobiletin decreased body weight gain and white adipose tissue weight in OVX mice. Nobiletin also decreased triglyceride levels, and tended to reduce plasma total cholesterol and glucose levels. Additionally, nobiletin prevented the reduction in bone mineral density of the trabecular region of the femur in OVX mice. Taken together, our results suggest that nobiletin improves adiposity, dyslipidemia, hyperglycemia, and prevents bone loss in OVX mice. Therefore, nobiletin is expected to have beneficial effects for the prevention and improvement of metabolic disorders and osteoporosis in postmenopausal women.
Introduction
Estrogen is an important factor for protection against obesity in females. Estrogen deficiency leads to osteoporosis, as well as body weight gain [1] [2] . Recent studies have shown that postmenopausal women have greater body fat and visceral fat compared with premenopausal women [1] - [4] . Obesity is associated with several metabolic disorders including dyslipidemia, insulin resistance, and cardiovascular disease [1] [2] . Because osteoporosis and obesity are major health problems in postmenopausal women, it is important to identify strategies to prevent or treat these disorders and maintain a healthy life in postmenopausal women.
Natural phytoestrogens are increasingly being used to prevent or improve metabolic disorders, and are thought to reduce the risk of osteoporosis in postmenopausal women [5] [6] . Additionally, phytoestrogens seem to lack the undesirable side effects associated with estrogen. Therefore, there is growing interest in using natural compounds to prevent and improve metabolic disorders and osteoporosis in postmenopausal women.
Nobiletin is a polymethoxylated flavone present in some citrus fruits such as Citrus depressa (shiikuwasa) and Citrus sinensis (orangens) [7] [8] . Nobiletin was reported to exhibit biological effects via its anti-inflammatory, anti-tumor, and neuroprotective properties [9] - [11] . It was also recently reported that nobiletin can regulate bone metabolism by inhibiting osteoclast formation and bone resorption induced by interleukin (IL)-1 in osteoblasts, and preventing bone loss in OVX mice [12] . Recent reports have also revealed that nobiletin may be able to regulate lipid metabolism. Nobiletin enhances lipolysis and suppresses adipogenesis, although it is also reported that nobiletin induces adipocyte differentiation [13] - [15] . Our previous studies revealed that nobiletin reduces adiposity, plasma triglyceride (TG) levels, and insulin resistance in high-fat diet (HFD)-induced obese mice [16] . In the present study, we investigated the effects of nobiletin on obesity and bone mass in OVX mice.
Materials and Methods

Isolation of Nobiletin
Nobiletin was isolated and identified as described in our previous report [16] .
Animals and Experimental Design
Female C57BL/6J mice were purchased from Japan SLC (Shizuoka, Japan) at 6 weeks of age. The mice were housed under temperature-(23˚C ± 3˚C) and humidity-controlled conditions with a 12-h light/dark cycle, and were given free access to food and water throughout the experiment. After acclimatization for 1 week with a standard rodent normal-fat diet (CRF-1; Charles River, Japan), the mice underwent either sham-operation (sham, n = 8) or ovariectomy (OVX, n = 24). After surgery, mice were allowed to recover under normal conditions. Two days later, the OVX mice were randomly divided into three groups (n = 8 mice/group) and treated with 50 (OVX + 50NOB) or 100 (OVX + 100NOB) mg/kg nobiletin, or vehicle (OVX control group). The vehicle was 0.3% carboxyl methyl cellulose/0.5% dimethyl sulfoxide. Nobiletin and vehicle were administered by oral gavage once daily for 12 weeks. Mice in the sham control group were administered with vehicle alone. Body weight and food intake for each mouse was measured two times per week during the study. The study was approved by The Animal Experimental Committee of Chubu University, and the mice were maintained in accordance with their guidelines.
Plasma, Tissue, and Bone Sampling
At the end of the 12-week study, the mice were anesthetized with a high dose of ether. Plasma samples were obtained by centrifuging blood samples at 5000 × g for 15 min at 4˚C. The resulting plasma samples were stored at −80˚C until analysis. Liver, white adipose tissues (WAT; reproductive, perirenal, and mesenteric WAT), and the uterus were immediately excised, rinsed, and weighed. The femurs were also excised, soft tissue was carefully removed from the bone without damaging trabecular tissue, and the femoral bones were fixed in 70% ethanol.
Plasma Biochemistry
Plasma total cholesterol (T-CHO), TG, and glucose levels were determined using commercially available enzyme assay kits (Cholesterol E-Test, Triglyceride E-Test, and Glucose C II-Test, respectively; Wako Pure Chemical Industries, Osaka, Japan) according to the manufacturer's protocols.
Peripheral Quantitative Computed Tomography (pQCT) Analysis
Isolated bones were measured by pQCT (XCT Research, SA + , Stratec Medizintechnik GmbH, Pforzheim, Germany) with a tube voltage of 50.5 kV and a tube current of 0.281 mA. The scan speed was 5 mm/s with a voxel resolution of 0.07 mm. The analytical parameters for cortical bone mineral density (BMD) were set as a threshold of 690 mg/cm 3 and a peel mode of 20. Trabecular BMD was <395 mg/cm 3 with a peel mode of 20. A femur slice located 0.6 mm from the distal end of the growth plate was used to measure trabecular and cortical BMD. Trabecular bone was defined by setting an internal area of 35% of the total cross-sectional area. Total BMD, trabecular BMD, and cortical BMD were calculated using pQCT software (Makejob; StratecMedizintechnik GmbH).
Statistical Analysis
Data are expressed as means ± standard error of the mean. Differences in mean values between each group were analyzed by one-way analysis of variance, followed by Dunnett's test. Values of p < 0.05 were considered to indicate statistical significance. All analyses were conducted using IBM-SPSS version 20 (IBM, New York, NY, USA).
Results
Effects of Nobiletin on Body Weight Gain and Food Intake
Body weight gain and food intake are shown in Figure 1 . Body weight gain was significantly greater in the OVX group than in the sham group (p < 0.005). Body weight gain was significantly lower in the OVX + 100NOB group than in the OVX group (p < 0.05) but was not significantly differentbetween the OVX + 50NOB and OVX groups. Food intake was comparable among all four groups.
Effects of Nobiletin on Organ Weight
Organ weight is shown in Figure 2 . Uterus weight was significantly lower in the OVX group than in the sham group (p < 0.005), indicating that the mice were estrogen deficient. Uterus weight tended to be higher in the OVX + 100NOB group than in the OVX group, although did not significantly. Liver weight did not differ among the four groups. WAT weight was significantly higher in the OVX group compared with the sham group (p < 0.005). The reproductive, perirenal, and total WAT weights were significantly lower in the OVX + 100NOB group than in the OVX group (all, p < 0.05). However, there was no difference in WAT weights between the OVX + 50NOB group and the OVX group. Figure 3 shows the effects of nobiletin on plasma biochemistry. Plasma T-CHO levels were significantly higher in the OVX group than in the shamgroup (p < 0.05). Plasma T-CHO levels were decreased in the OVX + 100NOB group compared with the OVX group, although not significantly. Plasma TG levels were significantly higher in the OVX group than in the sham group (p < 0.05). Plasma TG levels were lower in the OVX + 100NOB group, but not in the OVX + 50NOB group, compared with the OVX group. Plasma glucose levels did not differ between the sham and OVX groups, although they tended to be lower in the OVX + 100NOB group than in the OVX group. Figure 4 shows the effects of nobiletin on BMD in OVX rats. Total femoral BMD and trabecular BMD were significantly lower in the OVX group than in the sham group (both, p < 0.005). The decrease in total femoral BMD caused by OVX was attenuated by both doses of nobiletin, although this not significantly. Trabecular BMD was significantly greater in both OVX + NOB groups than in the OVX group (both, p < 0.05). Cortical BMD did not differ among the four groups.
Effects of Nobiletin on Plasma Biochemistry
Effects of Nobiletin on BMD
Discussion
In the present study, we examined whether nobiletin could reduce obesity, obesity-related metabolic disorders, and osteoporosis in OVX mice. To our knowledge, the present study is the first to show that nobiletin prevents the increases in body weight, WAT weight, and plasma TG, as well as bone loss, in OVX mice. In the present study, nobiletin reduced increases in body weight gain and WAT weight in OVX mice. It has been reported that estrogen is capable of preventing obesity in females. OVX mice are characterized by increased food intake and decreased energy expenditure, which lead to obesity [17] . It was reported that treating OVX mice with estradiol prevented the development of obesity [18] .
In the present study, food intake was similar in the sham and OVX groups, and was not affected by nobiletin. Therefore, the reduction in body weight gain and WAT weight in this study were not caused by changes in food intake. Recent studies and our own in vivo data indicate that nobiletin regulates adipogenesis and lipolysis. For example, nobiletin enhances lipolysis in differentiated adipocytes by activating the cAMP-cAMP response element-binding pathway and suppresses lipid accumulation by downregulating peroxisome proliferator-activated receptor (PPAR)γ, and activating AMP-activated protein kinase. However, it was reported that nobiletincan induce adipocyte differentiation [13] - [15] . Furthermore, we previous reported that nobiletin increased the expression of energy expenditure-related genes, such as PPARα and carnitine palmitoyltransferase I, in HFD-induced obese mice [16] . Based on these earlier findings, it is likely that increased lipolysis and energy expenditure may be involved in the reduced body weight gain and WAT weight in nobiletin-treated mice. Further studies are needed to examine the effects of nobiletin on the expression of lipid metabolism-related genes.
Obesity-related metabolic disorders, such as hyperlipidemia, hyperglycemia, and glucose intolerance, are significant problems in postmenopausal women. In the present study, nobiletinreduced plasma TG levels and tended to reduce plasma T-CHO and glucose levels in OVX mice. In our previous study, we showed that nobiletin improved hypertriglyceridemia [16] . These results suggest that nobiletin may improve obesity-related meta-bolic disorders, such as hyperlipidemia, in postmenopausal women.
Osteoporosis is a skeletal disease characterized by a reduction in bone strength, increasing the risk of fracture. Osteoporosis in postmenopausal women is caused by a decrease in estrogen levels and an increase in bone resorption [19] . In our present study, we showed that nobiletin inhibited the decrease in trabecular BMD of OVX mice and showed tendency to increase total femoral BMD in OVX mice. Previous studies have shown that nobiletin suppresses osteoclast formation and bone resorption by inhibiting nuclear factor-κB-dependent transcription and prostaglandin E production in osteoblasts via the activity of IL-1. This report also showed that nobiletin prevents bone loss in OVX mice [12] (Harada et al. 2011) . Based on our results and this earlier report, nobiletin is expected to prevent osteoporosis in postmenopausal women.
Conclusion
In conclusion, treatment with nobiletin decreased body weight gain, WAT weight, and plasma TG levels in OVX mice. Nobiletin tended to decrease plasma T-CHO levels and glucose levels in OVX mice, and prevented the decrease in BMD following OVX. These results suggest that nobiletin may improve adiposity, hypertriglyceridemia, and bone metabolism in OVX mice, as a model of the postmenopausal state. Therefore, nobiletin may have beneficial effects for the prevention and treatment of metabolic disorders and osteoporosis in postmenopausal women.
